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Abstract 

Pyruvate dehydrogenase complex (PDHc) is suppressed in some cancer types but overexpressed in 
others. To understand its contrasting oncogenic roles, there is a need for selective PDHc inhibitors. Its 
E1-subunit (PDH E1) is a thiamine pyrophosphate (TPP)-dependent enzyme and catalyses the first and 
rate-limiting step of the complex. In a recent study, we reported a series of ester-based thiamine 
analogues as selective TPP-competitive PDH E1 inhibitors with low nanomolar affinity. However, when 
the ester linker was replaced with an amide for stability reasons, the binding affinity was significantly 
reduced. In this study, we show that an amino-oxetane bioisostere of the amide improves the affinity 
and maintains stability towards esterase-catalysed hydrolysis.  

 

Pyruvate dehydrogenase complex (PDHc) links glycolysis and the Krebs cycle by catalysing the 
conversion of pyruvate into acetyl coenzyme A (acetyl CoA).1-4 Its E1-subunit (PDH E1) is a thiamine 
pyrophosphate (TPP)-dependent enzyme and catalyses the first and rate-limiting step of the complex. 
Due to its key role in cellular bioenergetics, the activity of PDHc is tightly regulated: phosphorylation 
of PDH E1 by PDH kinases (PDKs) deactivates the complex, whereas dephosphorylation by PDH 
phosphatase activates it. Many types of cancer cell increase the expression of PDKs, suppressing PDHc 
activity, so inhibition of PDK has been an anticancer strategy.4-6 However recent findings have shown 
that certain cancers overexpress PDHc,7-9 and an irreversible inhibitor of PDH E1 suppresses 
development of one of these types of cancer in a mouse model.9 The contrasting evidence on the role 
of PDHc in oncology implies that the effect of PDHc modulation depends on the type of tumour and 
its environment.7-9 One approach to unveiling its puzzling role is through chemical inhibition of PDH 
E1.  

TPP 1a is the bioactive form of thiamine (vitamin B1) 2.1-3 TPP-dependent enzymes encompass diverse 
activities and include PDH E1, pyruvate decarboxylase (PDC), pyruvate oxidase (PO), 1-deoxy-D-
xylulose 5-phosphate synthase (DXPS) and 2-oxoglutarate dehydrogenase E1-subunit (OGDH E1). The 
architecture of the coenzyme-binding pocket is highly conserved across the enzyme family and favours 
formation of the catalytically active ylide 1b (Figure 1a) by placing the thiazolium ring in a hydrophobic 
environment.1-3 A common strategy in designing inhibitors of the TPP-dependent enzyme family lies in 
the use of thiamine/TPP analogues.10-21 These analogues typically feature a neutral central aromatic 
ring to replace the positively charged thiazolium ring, e.g. thiophene,10 triazole,11 pyrazole,12 furan13 or 
pyrrole18. This neutral ring mimics the thiazolium ylide 1b and so captures the strong stabilising 
interactions between the enzyme and the high-energy ylide.21  

Our group have developed thiamine/TPP analogues to study the enzymology10,21 and the cellular 
roles19,20 of this protein family. Recently, we reported ester 3 as a TPP-competitive inhibitor of porcine 
PDH E1 (Figure 1b).17 The aryl ester tail makes 3 a selective inhibitor of mammalian PDH E1 as other 
TPP-dependent enzymes have a smaller pyrophosphate pocket that cannot accommodate the ester. In 
another study,19 the ester linker of 3 was replaced by an amide 4 to improve its intracellular stability. 



However, this resulted in six times weaker inhibition. Changing the scaffold from triazole 3 to furan 5 
improved binding and furan amide 6 had improved chemical stability and maintained binding affinity 
relative to triazole ester 3. In further structure-activity relationship (SAR) studies, we identified that a 
m-pyridin-3-yl substituent (7) on the benzoyl terminus led to better binding and amide-linked analogue 
8 exhibited micromolar cytostatic effects on several cancer cell lines.19  

While amide 8 is a useful chemical probe for inhibition of intracellular mammalian PDH E1,19 it could 
be improved. First, its nanomolar KI value towards PDH E1 translated into merely micromolar cytostatic 
activity in cell-based assays. This is possibly because it is competitive with TPP and its affinity for PDH 
E1 is only four times greater than that of TPP, and so cells may accumulate slightly more TPP to 
outcompete the inhibitor.19 Second, its terminal m-pyridin-3-yl substituent may exhibit undesired 
metabolic instability and/or toxicological effects (due to the exposed nitrogen atom).22 Third, its 
accessibility is limited by the long synthetic route - twelve chemical reactions were involved.19 In this 
work, by incorporating recently reported synthetic methodology for amino-oxetanes,23 we developed 
novel thiamine analogues that are not only selective and stable, but also more potent and synthetically 
accessible than amide 8.  

 

 

Figure 1. a) Structure of thiamine 2 and its bioactive form, TPP 1a. b) Inhibitory activities on PDH E1 of 
selected thiamine analogues 3-817,19 (IC50 data were determined at [TPP] = 10 μM).  

 

In the current work, the aminopyrimidine and phenyl moieties of 3-8 were kept unmodified so as to 
retain target affinity and selectivity. The terminal m-pyridin-3-yl group of 7-8 was replaced because it 
may lead to off-target effects as a result of cytochrome P450 inhibition22 and its group efficiency (GE, 
kcal mol-1 of binding energy per heavy atom) was not that high (0.21, where >0.3 is preferred, Figure 
S1).24,25 Docking models predicted that the nitrogen atom of the pyridine ring hydrogen-bonds to the 
protein.19 Here we employed a structure-based ligand design strategy to identify small substituents 
(with 1-2 heavy atoms) capable of forming hydrogen bond(s) in the pyrophosphate pocket. After 
rounds of docking, a p-methoxy group was selected (Figure S2). To synthesise the selected compounds, 
triazole-based alcohol 9 and amine 10 were coupled to p-anisic acid to give the corresponding ester 
1126 and amide 12 (Scheme 1a), using the same method as for 3 and 4.19  

Our studies on 3 to 8 showed that switching from triazole to furan improves binding.19 Subsequently, 
we systematically evaluated a range of thiamine/TPP analogues featuring different aromatic central 
scaffolds.21 Among the four tested five-membered aromatic rings, the more hydrophobic central rings 
(reflected by their cLogP values) resulted in stronger inhibition (affinity: thiophene > pyrrole > furan > 
triazole). This trend was observed not only on PDH E1, but also on other TPP-dependent enzymes.21 
Thus, thiophene was chosen in this study; the synthesis of thiophene alcohol 13 has been described 



before21 and its conversion into ester 17 and amide 18 is shown in Scheme 1b. Most reported thiamine 
analogues feature a planar aromatic ring10-21 as the central scaffold. To assess whether there is any 
advantage of including a non-planar ring, a saturated thiazolidine ring, tetrahydrothiamine 19, was 
included. Sodium borohydride reduced the central ring of thiamine hydrochloride, yielding thiazolidine 
19 (Scheme 1c) as a mixture of two racemic diastereomers with cis-19 being the major product (2.5:1 
ratio).27 After two rounds of flash chromatography, we obtained racemic cis-19 containing less than 
10% of trans-19. Ester cis-20 was prepared from cis-19 (Scheme 1c), but the corresponding amide 
could not be obtained by our standard method. The tosylation step was unsuccessful, and we suspect 
that the nitrogen atom of the cyclic amine might have cyclised with SN2 displacement of the tosylate.  
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Scheme 1. Synthesis of esters 11, 17 and 20, amides 12 and 18, and amino-oxetanes 23 and 24. 

 

Previously, we replaced the ester linker of our thiamine analogues with an amide (Figure 1b) for better 
intracellular stability but this caused a drop in affinity.19 Thus, a key goal here was to identify a suitable 
amide bioisostere that binds more strongly than the amide but remains resistant to (enzymatic) 
hydrolysis. A recent review provided a comprehensive overview of amide bioisosteres28 and from this 
we chose amino-oxetane due to its preferred physiochemical properties and its predicted binding 



interactions; Table S1 gives an overview of how we made this choice. Synthesis of an N-alkyl-N-oxetan-
3-ylamine could in principle be accomplished either by formation of the N-alkyl bond, e.g. by N-
alkylation of the primary oxetan-3-ylamine28-29 or by reductive amination,29 or by formation of the N-
oxetane bond. As we already had the amines 10 and 16 in hand, we preferred the latter. Fortunately, 
the Bull group have recently reported a novel method to form amino-oxetanes through coupling of an 
fluorosulfonyl-oxetane 22 with amines in an amide bond-like disconnection.23 Using this method, 
amines 10 and 16 were converted into amino-oxetanes 23 and 24 (Scheme 1d).  

The potencies of the synthesised compounds as inhibitors of PDH E1 were evaluated on commercially 
available porcine PDH E1 which is a widely accepted substitute for human PDH E1.14,18,19 The inhibitory 
activities are summarised in Table 1 and Figure S7. Regarding the terminal substituent, although 11 
was not quite as potent as 7 (IC50: 6.3 vs. 3.0 μM), the p-methoxy group does contribute to binding 
(11 > 3, Figure 1b). More importantly, compared to the m-pyridin-3-yl group (7), the p-methoxy group 
(11) binds more efficiently (GE: 0.39 vs. 0.21, refer to Figure S1 for calculations) and does not possess 
an exposed nitrogen atom which may lead to undesired pharmacological effects. As summarised in 
Table 1, the potency of the central ring was triazole < thiazolidine < thiophene regardless of the tail 
group (9 < cis-19 < 13 and 11 < cis-20 < 17). The cLogD values at pH 7.4 of the heterocycle with just 
methyl substituents were estimated (using MarvinSketch 21.2, Figure S8) as -0.14, 1.52 and 3.27, 
respectively (none of the three heterocycles are expected to be protonated at neutral pH). The exit 
vector geometry of the saturated thiazolidine ring is likely to be somewhat different from that of the 
two planar aromatic rings;21,25 but despite this, the relative potency of these rings mirrored their 
relative hydrophobicity. The thiazolidine cis-20 was evaluated as a racemate so, if one enantiomer was 
more potent, it might be up to two-fold more potent than the racemate.30 However, as 13 and 17 were 
about six- and four-fold more potent than racemic cis-19 and cis-20, respectively, the most 
hydrophobic thiophene remains the best scaffold among the three, consistent with our earlier 
findings.21 As shown in Table 1, changing the amide linker to an amino-oxetane restored affinity to a 
level almost comparable to the equivalent ester (12 << 23 < 11 and 18 << 24 < 17). Within the series, 
the thiophene-based ester 17 and amino-oxetane 24 were the strongest PDH E1 inhibitors, with KI 
values in the single-digit nanomolar range.  

The inhibitory action of some selected compounds was further evaluated biochemically in terms of 
their modality and selectivity. Their TPP-competitive relationship was confirmed as the observed 
potency decreased with increasing [TPP] (Table 1). Notably, only thiophenes 17 and 24 retained over 
50% inhibition of PDH E1 in the presence of a five-fold excess of TPP. To assess their selectivity, the six 
compounds were tested on four other TPP-dependent enzymes (PDC, PO, DXPS and OGDH) at 
concentrations either equal to [TPP] or five-fold higher than [TPP]. No inhibition (<10%) was observed 
on any of these off-target enzymes.  

  



Table 1. Summary of inhibitory activity on PDH E1.  

 
 

Compound PDH E1 Inhibitiona PAMPA 

 Scaffold (Ar) Tail (R) 
% Inhib. 

(1:5)b 
% Inhib. 

(1:1)c 
IC50 d 

(μM ± SEM) 
vs 

TPPe 
KI 

(nM)f 
% 

absorbed 
9 Triazole -OH   30g 0.33 150g  

cis-19 Thiazolidine -OH   21 ± 4 0.48 105  
13 Thiophene -OH   3.6g 2.78 18g  
11 Triazole Ester 25 ± 4 63 ± 3 6.3 ± 0.8 1.59 31.5 31 

cis-20 Thiazolidine Ester   3.5 ± 0.6 2.86 17.5  
17 Thiophene Ester 72 ± 4 > 90 0.89 ± 0.15 11.2 4.45 39 
12 Triazole Amide < 10 22 ± 3 35 ± 5 0.29 175 26 
18 Thiophene Amide 28 ± 2 65 ± 5 5.1 ± 0.9 1.96 25.5 35 
23 Triazole Amino-oxetane 20 ± 3 58 ± 4 7.8 ± 1.2 1.28 39.0 35 
24 Thiophene Amino-oxetane 65 ± 3 > 90 0.99 ± 0.14 10.1 4.95 44 

 

a Data are the means of measurements in three technical replicates. b [Inhib] = 10 μM, [TPP] = 50 μM. c [Inhib] = 
10 μM, [TPP] = 10 μM. d IC50 values determined at [TPP] = 10 μM (refer to Figure S7). e Affinity of the inhibitor 
versus that of TPP, i.e. [TPP]/IC50 (= KM(TPP)/KI). f KI is based on the previously reported KM of TPP = 50 nM.2,16   
g Taken from Ref. 21.  

 

To gain insights into the binding mode from in silico studies, 24 was docked into the active site of 
human PDH E1 and it overlayed well with TPP (Figure 2a,b), consistent with its TPP-competitive nature. 
Unlike TPP which uses its pyrophosphate to form ionic contacts with a Mg2+ ion, 24 has its aromatic 
amino-oxetane tail occupying the pyrophosphate pocket with the oxygen atom of the oxetane 
coordinated to the Mg2+ and the methoxy group hydrogen bonded to the backbone amide of Ala88. 
The predicted binding interactions of 24 in the coenzyme pocket are shown in Figure 2c: the 
aminopyrimidine-CH2-thiophene portion of 24 makes the same interactions with the enzyme as does 
the thiamine portion of TPP. In amides the carbon and oxygen atoms are 1.2 Å apart, whereas in the 
3-amino-oxetane isostere the equivalent atoms are 2.2 Å apart.31 This greater separation allows the O 
atom of the oxetane to coordinate to the Mg2+ ion. The greater affinity of the amino-oxetane series 
(Table 1) can be attributed both to this coordination and to the higher hydrophobicity of the oxetane 
(which would reduce the desolvation penalty upon binding). The selectivity of 24 for PDH E1 over other 
TPP-dependent enzymes seems to be due to steric reasons; the other enzymes have smaller 
pyrophosphate pockets, which cannot accommodate the bulky tail.19 In support of this, compounds 23 
and 24 were docked into the active sites of each of the four other TPP-dependent enzymes and, in 
addition, 11 and 18 were docked into ScPDC and DrDXPS. In no case did the compound show a docking 
pose with the aminopyrimidine ring in the aminopyrimidine pocket and the other terminal ring in the 
pyrophosphate pocket; in all cases only one of these two pockets was occupied and the other ring was 
in the entrance of the active site (Figures S3-6). 

 



 

Figure 2. a) Binding mode of TPP (shown in stick mode) in human PDH E1 (PDB: 6CFO, surface of active 
site cavity shown) showing the V-shaped conformation between aminopyrimidine (left) and the 
thiazolium ring (right). b) Predicted binding mode of 24 (green atoms) as in view (a); 24 overlays well 
with TPP. c) Interactions between 24 and PDH E1 binding pocket shown as surface representation with 
interactions and distances shown as dashed lines. Mg2+ is represented as a yellow-green sphere. 

 

TPP analogues (such as deazaTPP, the pyrophosphorylated form of 13), as with other diphosph(on)ate 
compounds, are polyanionic under physiological conditions, and so are membrane-impermeable and 
cannot be used in cell-based assays.16,32,33 This has long been a barrier in applying TPP analogues to 
study the cellular roles of vitamin B1. To show the compounds studied here are permeable, selected 
compounds were subjected to Parallel Artificial Membrane Permeability Assay (PAMPA).34 As shown in 
Table 1 (refer to Table S2 for details), all tested compounds were, to some extent, membrane-
permeable (fraction absorbed = 26-44%), but 24 was the most permeable.  

Oxetane 24 is more membrane-permeable and more potent as a PDH E1 inhibitor than 18 but similar 
to its ester equivalent 17. Thus, the stability of 17 and 24 under various reaction conditions was 



investigated, based on compound recovery (assessed by 1H NMR with 1,4-dinitrobenzene as internal 
standard) after various challenges (Table 3). Stirring at 37 °C in 0.1 M aq. phosphate buffer (pH 7.4) 
and heating at 70 °C in DMSO for 2 h resulted in excellent recovery for both compounds. Amino-
oxetane 24 displayed excellent stability towards hydrolysis under basic conditions, but significant 
compound loss was observed with ester 17 in 1 M NaOH at 37 °C for 2 h or even 0.1 M K2CO3 at room 
temperature for 1 h. Both compounds were unstable under 1 M HCl at 37 °C for 2 h, with ester 17 
showing better recovery. We speculate that the amino group of 24 would be protonated under acidic 
conditions, and the electron-donating methoxy group may facilitate the departure of the amino 
portion by stabilising the resultant cation.35  

Given that esterase activity is ubiquitous in mammalian cells and plays a primary role in metabolising 
ester-containing drugs,36 24 was subjected to this biochemical challenge. Ester 17 was fully degraded 
after treatment with pig liver esterase at 37 °C and pH 7.4 for 30 min, but amino-oxetane 24 was almost 
completely recovered (Table 3). UPLC/MS36 showed that esterase treatment for 4 hours at 37 °C and 
pH 7.4 completely hydrolysed ester 17 to alcohol 13, while amide 18 and amino-oxetane 24 remained 
stable (Figure S5).  

 

Table 3. Summary on stability based on compound recovery determined by proton NMR.  

 
Reaction conditions 

Compound recovery (%) 
Ester 17 Amino-oxetane 24 

0.1 M aq. phosphate buffer (pH 7.4), 37 °C, 2 h > 90 > 90 
DMSO, 70 °C, 2 h > 90 > 90 
1 M aq. NaOH, 37 °C, 2 h  15 > 90 
0.1 M aq. K2CO3, rt, 1 h 31 > 90 
1 M aq. HCl, 37 °C, 2 h  43 22 
Porcine esterase, 37 °C, 30 min < 10 > 90 

 

In conclusion, as shown here and previously,19 thiamine analogues featuring an ester-linked tail to bind 
in the pyrophosphate pocket are potent and selective inhibitors of PDH E1. However, changing to an 
amide linker, which improved stability, weakened binding. Here, the amino-oxetane isosteres of the 
amides were efficiently prepared by simply changing the amine’s coupling partner from p-anisic acid 
to reagent 22.23 The resulting amino-oxetane 24 was resistant to esterase hydrolysis and a selective 
inhibitor of PDH E1 (over other TPP-dependent enzymes), and both more potent and more membrane-
permeable than the corresponding amide 18. Using the terminal p-methoxy group (in place of the 
potentially problematic m-pyridin-3-yl substituent) and the central thiophene ring (the strongest 
scaffold to date21), amino-oxetane 24 was 2.5-fold more potent than amide 8 (hitherto the most potent 
esterase-stable inhibitor). As the longest linear route to 24 consisted of nine steps from 2,3,5-tribromo-
4-methylthiophene,21 24 is more accessible than 8 (twelve steps needed19). We envision that thiamine 
analogue 24 will aid work using chemical inhibition to understand the oncogenic role of PDHc. We 
hope this study will also serve to promote the use of amino-oxetanes as amide isosteres in drug 
discovery campaigns.  
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